Today the most quandary situation in the world is to fulfil growing energy demand without impeding environmental balance. Rising population growth has led to the increase in world energy demand. However, the fossil fuel reserves are deteriorating at a faster rate. So, biofuels derived from biological materials through contemporary biological processes serve as an alternative choice to replace the existing demand of fossil fuels. These biofuels have basic renewable origin which set them apart from the fossil fuels. There are three categories; first, second and third generation biofuels depending upon the source crop and technology involved in energy generation. Of the three generations, first generation derived from food crops, second generation from non-food crops and third generation biofuels consist of microalgae-derived biofuels. This article reviews the various energy sources used during different generations of biofuels along with microalgae derived biodiesel production. Various constraints and concerns are associated with first and second generation biofuels and it has been observed that, microalgae derived biofuels, can be developed as more reliable and sustainable energy source to fulfil the world energy demand in future. They have a number of advantages over their counterparts such as non-feedstock, high growth rate with higher biomass yield, possess oils with higher lipid content and possibility of utilizing waste as well as salt water for growth. In addition to energy source, microalgae can provide various types of economic by-products adding to their advantages. In the future, the technology as well as algal strains should be improved to increase the energy efficiency and create economic as well as environmental benefits so as to plan a road map for the industries to produce third-generation biofuels.
Industrial revolution and urbanization has increased the demand for fossil fuels and according to the world energy reserves it is estimated that coal will last another 218 years, oils 41 years, and natural gas 63 years 1 . Fossil fuels are the major energy sources that are being used in the world but their over utilization has led to the severe environmental issues such as air pollution etc. They are the largest contributors of green house gases (GHG's) emission in the atmosphere 2 . The petro-diesel burning causes increase in GHG's emissions such as carbon monoxide, hydrocarbons and smoke like pollutants causing climate change and health problems. They are non-renewable sources of energy as they are derived from prehistoric biological matter and won't be available once they are consumed. Their sources are limited and are depleting at a faster rate. So there is a need for alternative renewable energy sources of ecofriendly bio-fuels.
A biofuel is a fuel produced through contemporary biological processes, such as agriculture and anaerobic digestion, rather than geological processes involved in the formation of fossil fuels. They are derived from biological material, mainly from microorganisms, plants, animals and wastes. All biofuels have the basic renewable origin based upon the photosynthetic conversion of solar energy to chemical energy, thus setting them apart from the fossil fuels which are derived from geothermal processes. Depending on the origin and production technology involved, biofuels are categorized as the first, second and third generation biofuels 3 . Fourth generation biofuels have been also evolved which make use of novel synthetic biological tools but still emerging at the basic research level. On a step towards sustainable bioenergy production, solar energy based biofuel production strategies are of pivotal importance. Despite a large advancement in photovoltaic technologies for conversion of solar energy to electricity, the biofuels are still of prime importance today, particularly in the transport sector. In view of this, biofuels have emerged as the largest renewable fuel produced and consumed in the world due to growing demand to replace the fossil, thus reducing GHG's emissions and palliating the climate change. Scientific breakthroughs in biofuel production technology are playing important role towards sustainable biofuel production, increasing quantity and quality of biofuels and carbon-neutral economy 4 . First generation biofuels also called "conventional biofuels" are derived from various crop plants as energy-containing molecules like sugars, starch, vegetable oils and cellulose. As they are produced mostly from food feedstocks thus have a negative impact on food security and provide only limited biofuel yields. Most common first generation biofuels are bioethanol, biodiesel, biofuel gasoline, bioethers, biogas and solid biofuels such as wood, sawdust, charcoal and nonfood energy crops. Efforts are required to generate advanced biofuels by identifying and producing effective non-food energy crops thus bringing down the cost as well as improving the performance and quality of biofuels for different transport sectors 3 . The second generation biofuels known as advanced biofuels, are produced from biomass including lignocellulosic, non-food materials such as straw, bagasse, forest residues and purpose grown energy crops. First generation biofuels are synthesized from sugars and vegetable oils which are found in arable crops and can be extracted easily using conventional technology. Whereas, second generation biofuels are derived from lignocellulosic biomass of woody crops and agricultural waste, which makes it harder to extract the required fuel and series of physical and chemical treatments are required to convert lignocellulosic biomass to liquid biofuels 5 . The third generation biofuels are based on algal biomass production. Extensive research is being carried out to improve production of these fuels and their separation during bio-oil production to remove non fuel residues as well as to reduce the production cost 4 . Among various bio-fuels used, bio-diesel may act as good choice because automobiles are the major contributors of pollution and global warming. It is defined as the mono-alkyl esters of long chain fatty acids derived from the biological sources such as edible/non-edible oils, agricultural crops, animal fats, and microalgae. It is non-toxic, renewable, biodegradable, environmental friendly, portable, readily available and eco-friendly fuel 6 . In addition to this, it has higher cetane number, good lubricity, lower particulates and lesser sulphur content. Due to which it enhances engine's life and ignition quality, can't harm aquatic life during shipping as it is biodegradable. Biodiesel doesn't corrode the engine due to absence of sulphur in it 7 . It gives complete combustion due to higher oxygen content by which it produces lesser emissions of pollutants and GHG's emissions. Other fuels also accumulate carbon deposits on the fuel injectors which weaken the engine performance and leads to mechanical damage. But, the main hurdle behind its production and use is the cost that mainly depends upon on 60-75% of the feedstock's cost. So, there is a need of using cheap feedstock's that are required for biodiesel production to make it cost effective and economical 8 . Microalgae derived biodiesel is one of the best alternative renewable fuels produced by using cheap substrate. Microalgae derived biodiesel is the best third generation bio-fuel for its high oil content, stress adaptability (pH, temperature, salinity, toxicants) and not competing with food crops 9 . The photosynthetic microalgae require mainly light, carbon dioxide, and some nutrients (nitrogen, phosphorus, and potassium) for its growth, and produce large amount of lipids and carbohydrates, which can be further processed into various biofuels and other valuable coproducts 10 . Moreover, the low content of hemicelluloses and negligible amount of lignin in algal biomass leads to increased hydrolysis efficiency during fermentation process 11 . It can use waste discharges/effluents from industries like processing plants, dairy industries, rice straw etc as growth mediums. In return it can also used in treatment of waste water as it consumed nutrients from it for its growth thus it can reduce water pollution. It can also control air pollution produced after burning of rice straw (residue left after harvesting of crop) in open fields. Microalgae can use this residue (rice straw) for its growth. Other than biofuels, algae can be used in other fields of bio-remediation, human nutrition, animal feed, health products, biofertilizer, and by-products obtained from it having commercial market importance 12, 13, 14, 15, 16, 17 . Therefore, the present review provides an account of various renewable energy sources used in different generations of biofuels with emphasis on exploring the scope of algae for production of different biofuels and evaluation of its potential as an alternative feedstock.
Renewable energy sources in different generations of biofuel First generation biofuels
First generation biofuels are derived directly from food crops and the abstracted oil is either used as biodiesel or used to produce bioethanol through fermentation. The three main types of first generation biofuels which are used commercially are bioethanol, biodiesel, and biogas. The production process of these biofuels is an 'established technology' from which large quantities have been produced worldwide (www.task39.org). Bioethanol is produced through fermentation of starch present in crops such as wheat, barley, corn, potato or sugar present in sugarcane, sugarbeet etc. Bioethanol can serve as a feedstock for ethyl tertiary butyl ether (ETBE) which easily blends with gasoline. Biodiesel is produced by transesterification of oil from crops such as soybean, sunflower, rapeseed, coconut, used cooking oil or animal fat. It can serve as a full substitute for diesel. Biogas is a fuel that can be used for cooking purpose as well as in gasoline vehicles with slight modifications. It can be produced by anaerobic digestion of organic matter in the form of manure and other digestible crop residues. First generation biofuels signify a step towards energy independence, reducing the load on fossil fuels to fulfil energy demands. These biofuels also support agricultural industries and rural population through increased demand for feed crops. At present, these first generation biofuels are produced from commodities that are used for food and the demand is in increasing trend, so it difficult to use the agricultural food crop for biofuel production (www.task39.org).
Constraints and concerns for first generation biofuels
However, first generation biofuels have a number of associated economical and environmental issues. There is much debate over their actual benefits in terms of reducing green house gases and CO 2 emission, as some biofuels can produce negative net energy gains and release more carbon in their production than their growth. Besides this the most litigious issue with first generation biofuels is "fuel vs food". Since the majority of first generation biofuels are produced directly from food crops, the rise in demand for biofuels has contributed to increase in world prices for food and animal feeds over the last couple of years 18 .
They also have a negative impact on biodiversity and competition for water in some regions. In addition, biomass production from first generation bio fuels requires a large land area to grow. They only provide a little benefit over fossil fuels in regards to greenhouse gases emission, since they require large amounts of energy to grow, assemble, and process. Moreover, biodiesel most commonly derived from recycled oils from restaurants, as opposed to virgin oils, so the supply is limited (agsci.oregonstate.edu/sites/ agsci...edu/.../generations-of-biofuels). The overall concerns for many, but not all, of the 1 st generation biofuels are that they: • Contribute to higher food prices due to competition with food crops.
• Are expensive options for energy security taking into account total production costs excluding government grants and subsidies.
• Do not meet their claimed environmental benefits because the biomass feedstock may not always be produced sustainably.
• Are accelerating deforestation.
•
Potentially have a negative impact on biodiversity.
• Compete for scarce water resources in some regions.
Additional uncertainty has also recently been raised about GHG savings if indirect land use change is taken into account. Certification of biofuels and their feedstocks is being examined, and could help to ensure biofuels production meets sustainability criteria, although some uncertainty over indirect land use impacts is likely to remain. Additional concerns over the impact of biofuels on biodiversity and scarce water resources in some countries also need further evaluation.
Second generation biofuels
Many of the issues associated with 1 st generation biofuels can be overcome by the production of biofuels manufactured from nonfood crop feedstocks, agricultural and forest residues. Second generation biofuels are produced from plant biomass not competing with food production. In the context of biofuel production, the term 'plant biomass' largely refers to lignocellulosic material which constitute the majority of the cheap and plentiful non-food materials available from plants 19, 20 . The lignocellulosic biomass is produced from specialist energy feedcrops grown on arable land, still concerns remain over competing land use. Although energy yields are likely to be higher than if crops are grown for production of 1 st -generation biofuels on the same land. In addition, poorer quality land could possibly be utilised.
New scientific breakthroughs are required in developing the new genome-based breeding programmes and the biomass processing techniques for production of second generation sustainable biofuels. Second generation biofuels include;
(i) Specific bioenergy crops i.e. the plants that are specifically grown for bioenergy production on marginal land (area not suitable for food production) and or (ii) inedible parts of common crops and forest trees that should be efficiently processed for bioenergy production by improvement of the current technologies.
Lignocellulosic feedstocks for second generation biofuels
Lignocellulosic biomass is an abundant and renewable feedstock, though only a small portion of it could be utilised in practice. This include cereal straw, wheat and rice husk, corn cobs, sugarcane bagasse, wood pieces and forest harvest residues. The technical potential from available annual supplies has been estimated in energy terms at over 100 EJ per year, with costs in the range of USD 2-3/GJ annually 21 . Chemical and structural composition of plant cell wall has hindered the process of cellulosic and hydrocarbon-based biofuels production. Moreover, the development of commercial-scale cellulosic biofuel facilities has been much slower than expected during the past decade(s). Scientists are effortlessly trying to discover naturally occurring microbes that can easily break down lignin, present in plant cells, to give easier access to cellulose. Cellulose is a naturally occurring polymer structure within plant cell walls which keeps the cells together. To be used, cellulose must be hydrolysed to sugar, which can then be converted into ethanol or other liquid fuels, like biodiesel and butanol. Currently, the biochemical conversion of cellulosic biomass requires a set of enzymes for sugar liberation. So, this tightly packed cellulosic structure is required to be unravel into soluble sugars using a few enzymes. This could be achieved by engineering microbes those could simultaneously break down lignin, cellulose and hemicelluloses without requiring expensive enzymes, moreover enzyme kinetics can be improved by developing suitable model system. Biofuel production from cellulosic biomass could be improved by changing the composition of the cell wall by genetic engineering technique. The increasing research in the field of chemistry, biochemistry and molecular biology of plant cell walls is paving the way towards this direction 22 . The production of biofuels from lignocellulosic feedstocks can be achieved through two types of processes ( Figure 1 ).
Biochemical conversion of cellulose is brought about by microbes such as bacteria and fungi. Unfortunately, there are only a small number of bacteria which can brought about this conversion including those present in the stomach lining of ruminants and certain fungi. These microbes contain enzymes which can hydrolyze lignin, cellulose and hemicelluloses. Thermochemical conversion involves pyrolysis/ gasification and Fischer-Tropsch synthesis to produce distillate fuels, unlike biochemical conversion, does not depend on the bacterial and enzymatic processes and hence cellulosic nature of foodstocks is less of a concern. However, feedstock properties (organic matter, moisture content etc.) are more important in thermochemical conversion.
Constraints and concerns for second generation biofuels
Second generation biofuels are superior to most of the first generation biofuels in terms of competition for land use requirement, food, fibre, water, energy balance and greenhouse gases emission reduction. However, they do not produce co-products such as animal feed 3 . Over all these advantages, second generation biofuels still face a number of disadvantages: • High production cost: Reduction in the cost of biomass feedstocks, transportation, and their conversion processes will be required to lower the cost.
• Logistics and supply chain challenges: Current harvesting, storage and transport systems are inadequate for processing and distributing biomass at the scale needed to support significant production of large volumes. The lack of experience in operating large scale plants demanding large volumes of biomass creates the problem of requiring expensive infrastructure expansions where current handling and storage facilities are inadequate.
• Development of second generation biofuels requires changes in agriculture and forestry sectors. Significant changes in policy and business practices are required and these will take time to achieve.
• The development of 2 nd generation biofuels is still at an early stage so there may be misunderstanding of environmental/energy tradeoffs. There is a risk that without extensive evaluation, they could result in negative unexpected consequences for GHG emission, land use, biodiversity and environment.
Third generation biofuels
The third generation biofuels are based on improvements in the production of biomass. They depend upon specially engineered energy crops such as algae as its energy source 23 . Algae are a diverse group of prokaryotic and eukaryotic organisms ranging from unicellular genera such as Chlorella and diatoms to multicellular forms such as the giant kelp, a large brown alga that may grow up to 50 m in length 24 . They live in varied ecological niches such as freshwater, marine, hypersaline and brackish water, with a range of temperatures, pH and osmotic pressure 25 . The diversity and range of cellular lipids and inherent ability to modify lipid metabolism in response to changing environment can be credited to the ability of algae to survive or proliferate over a wide range of environmental conditions 26, 27 . Under optimal growth conditions, algae through process of transesterification, convert fatty acids into glycerol-based membrane lipids, constituting 5-15% of their dry cell weight.
The algae can be converted into various types of renewable biofuels including bioethanol, biodiesel, biogas, biohydrogen, and further into bio-oil and syngas through process of liquefaction and gasification, respectively 28 . Biofuel production involves conversion of algal biomass into energy sources and the conversion processes can be divided into three categories; biochemical, chemical, and thermochemical.
Microalgae based biodiesel production
Microalgae normally grow in water bodies or ponds and are very small in sizes usually measured in micrometers. Biodiesel is a mixture of monoalkyl esters of long chain fatty acids. It can be obtained from different lipid feedstocks and biomass. The extraction of lipids from microalgae dates back to the period of World War-II 29 . Microalgae contain more lipids than macroalgae and higher oil yield in microalgal biomass as compared to oil seed crops makes them more economic alternative for biodiesel production 30 . The microalgae such as Ankistrodesmus fusiformis, Ankistrodesmus falcatus and Chlamydocapsa bacillus containing high levels of polyunsaturated fatty acid methyl esters are generally preferred for biodiesel production 31 . The oil productivity expressed as mass of oil produced per unit volume of the microalgal broth per day, depends upon the growth rate and biomass content of the algal species. The biomass can multiply vigorously during exponential phase with a doubling time of approximate 24 h and oil content of is generally very high, which exceed up to 80% by weight of its dry biomass. About 8,000-15,000 gallons of biodiesel can be produced from algal biomass per acre per year, thus reflecting the potentiality of algal biomass for biodiesel production 23 . The short harvesting cycle is the key feature of microalgae for biofuel production unlike other coventional crops that can be harvested only once or twice in a year 32 . This has shifted the focus on algal biomass for its application in biofuel area. The main advantages of algal biomass for biofuel production are summarized in Figure 2 .
Despite all the advantages, there are several disadvantages associated with algae as a feedstock for biofuel such as the higher cultivation cost as compared to conventional crops, high energy input techniques such as centrifugation, flocculation, filteration and sedimentation, are required for algae harvesting 33, 34 .
Process of biodiesel production from algae
Process of biodiesel production from algal biomass involves cultivation of microalgae, drying of algal biomass, extraction of oil from algal biomass and transesterification (Figure 3) .
Cultivation of Microalgae
Microalgae are photoautotrophs, require sunlight to grow and proliferate. They can be cultivated in conventional open ponds or closed bioreactors besides this heterotrophic method can be used in which algae are provided with sugar as a carbon source and grown in the absence of sunlight 35 . A generalized set of conditions required to culture microalgae are given in Table 1 .
Light, temperature, pH, nutrient concentration and CO 2 flow rate determine the photosynthesis activity and growth rate of microalgae 36 . Therefore designing an optimum cultivation system and integrating it with efficient downstream processing is required for optimum biodiesel production.
Open Pond System
Open pond system includes algal cultivation in natural waters such as lakes, lagoons, natural as well as artificial ponds and containers. Cultivation of algae in open ponds has been widely studied 37, 38 . The main advantage of open ponds is that they are much easier to construct and operate than closed systems 39 . However, there are many disadvantages such as poor light utilization by algal cells, evaporative loss of water, loss of CO 2 in the atmosphere, and larger land area requirement. Furthermore, they can be contaminated by predators and other unwanted species. Due to poor stirring process in open cultivation system, the mass transfer rates are low resulting in low algal biomass productivity 32 . Open ponds in which the algae are cultivated have variety of shapes and sizes but the most commonly used ponds are "raceway ponds". In these ponds, the algae, water and nutrients circulate around a racetrack (https:// www.e-education.psu.edu/egee439/node/695). The pond is provided with a paddlewheel to drive the water flow continuously inside the pond. The algae are kept suspended in the water, and are circulated back to the surface on a regular frequency. Due to continuous light requirement by algae the ponds are usually kept shallow. The ponds are operated in a continuous manner, with nutrients and CO 2 being continuously fed and algae-containing water is removed at the other end 40 . The open pond is typically inoculated with the desired algal strain which initiates the growth and soon dominates in the pond. Cultivating extremophiles in the open pond system tolerating variatable pH and osmotic pressure can encourage sustainable and consistent growth of a single species. For example, Spirulina can survive and efficiently grows at a very high pH (9 to 12), therefore emerged as a dominant species in soda lakes 41 . Its spiral shape makes it easy to harvest. Another example is Dunaliella salina, a unicellular green alga grown predominantly in Australia. The strain is capable of growing in water with high solute potential due to its high intracellular glycerol content, which provides protection against osmotic pressure. Dunaliella salina is rich in caretenoids which protect it against the intense light in the shallow salt pan ponds 42 .
Closed photo-bioreactor
A photo-bioreactor is closed vessel which provides a controlled environment and enables high productivity of algal biomass. Here, all the growth requirements of algae are fed into the system and the system is controlled as per the requirement. This system enable better control of culture conditions such as light exposure, water and CO 2 with a press or ultrasonication to trickle out the oil.
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Low technology based and low-cost method for harvesting algae followed by lipid Brune and extraction extraction. Here, enzymes degrading algal cell wall are used for oil extraction. Besides this, Beecher, 102 the organisms feeding on microalgae such as brine shrimp are used. The organisms concentrating the algae are later harvested, crushed and homogenized to recover the algal oil.
supply, temperature, culture density, pH, etc. Most commonly used closed photo-bioreactors are tubular reactors and plate or bubble column reactors 43, 44 . To achieve economic feasibility in the process, it is important to design a reactor which meets with all demands of algal growth along with a cheap design construct 39 . In this regard, optimization of photo-bioreactor design is very important to achieve maximum growth and yield of algae 45, 46, 47 . This also reduces the production and downstream processing costs. So, it is important to gain knowledge about bioprocess engineering to control systems for process parameters like temperature, pH, light, cell density, nutrient concentration, CO 2 level, mixing rate which eventually determine the growth of microalgae 32 . The closed bioreactor system consists of a mixing vessel having inlet for water, nutrients, algae and a CO 2 valve (http://www.algae productionsystems.com/equipment.html). The mixture is directed to photo-bioreactor which is used to promote the growth of algae with controlled process parameters including light. The photobioreactor tubes are made of acrylic and provide fixed light and dark intervals for algal growth. There is a built-in cleaning system which automatically cleans the tubes without hampering the production process. The algal biomass completes many flows through in between mixing vessel and photobioreactor and when algae are ready for harvesting, they are processed through connecting filtering system. The algae which are ready for further downstream processing are collected and the rest passes back to the vessel and the cycle continues 48 . Closed photo-bioreactors save water, energy and chemicals, thus making them the matter of choice for biofuel production. Cultivation of algae is in controlled conditions, therefore they support up to fivefold higher biomass productivity with respect to vessel volume and subsequently have a smaller "footprint" on a yield basis 49 . They provide better protection from outside contamination. An enclosed bioreactor will enhance commercial algal biomass productivity by keeping algae genetics pure and reducing the possibility of predatory and parasitic infestation 50 . Despite many advantages, there are some disadvantages associated with closed photo-bioreactor such as, high capital cost and difficulty in sterilization has restricted their application to grow algae for specific pharmaceutical products 48 .
Harvesting and drying of algal biomass
Harvesting of algal biomass and drying is important prior to extraction of oil from algal biomass. The term 'harvesting' refers to concentrating the dilute microalgal culture suspension to a paste containing 5-30% of total suspended solids (TSS). This paste can be concentrated in a one or two-step harvesting process. Concentration of algal culture suspension significantly influences downstream processes, including drying. More concentrated product decreases the cost of extraction, purification and effective unit cost of biomass. Macroalgae can be harvested simply using nets, whereas, microalgae can be harvested using conventional processes, such as filtration, flocculation, centrifugation, sedimentation, and ultrasonic separation 51, 52, 53, 54, 55 . Microalgae are a type of colloidal particle structures with negative charge and the intensity of charge depends upon species, ionic strength, and pH of the cultivation media. Therefore, electrostatic repulsion between the algal cells and cell interaction with the surrounding water provide stability to the algal suspension 56 . These electrostatic forces maintain the culture growth as they aid in keeping the cells in water column in a way so that they do not settle to the bottom of the pond.
Drying of algal biomass is carried to increase the shelf-life and avoid spoilage during post-harvest operations 57 . The most commonly used methods for drying algal biomass include sun drying, spray-drying, drum-drying, freeze drying or lyophilisation 58, 59, 60 . Sun-drying is generally not recommended due to high moisture content in biomass 47 . However, success have been observed in drying high moisture containing Spirulina and Scenedesmus using solar drying process 61 . The drying temperature during lipid extraction from algal biomass affects the concentration of triglycerides and ultimately lipid yield is affected 62 .
Extraction of oil from algal biomass
Microalgae produce a cell wall containing lipids and fatty acids, which differ them from higher plants and animals. Therefore, oil from algae cannot be extracted by the more conventional methods such as pressing de-husked seeds. Lipids in algae are stored inside the cell or in the cell membrane 63 , and thickness of the cell wall prevents simple expulsion of oil from the cell. Extraction of these oils requires specific cell disruption methods such as mechanical extraction, solvent extraction, supercritical fluid extraction, heated oil extraction and biological extraction as described in Table 2 in detail.
Transesterification
Transesterification is a process of conversion of organic oil to biodiesel 64 . It involves reactions between triglycerides or fatty acids and alcohol. Different alcohols such as methanol, ethanol, propanol, butanol, and amyl alcohols can be used in transesterification. However, methanol and ethanol are more commonly used in commercialised process due to their low cost and physical and chemical advantages 65 . The biodiesel transesterification reaction is summarised as:
Esters (Biodiesel) 65, 66 An inorganic catalyst such as potassium hydroxide or lipase enzyme is used during the process. Glycerol is formed as a by-product which is denser than biodiesel and should be continuously removed during the process to shift the equilibrium in forward reaction. The excess of methanol and other co-solvents cause engine failure thus they are separated from the methyl esters through evaporation and the final biodiesel is recovered by rinsing with water and pH neutralized 23, 67, 57 . Previous study described homogeneous, heterogeneous and enzymatic catalysis for transesterification of waste cooking oil to produce biodiesel 68 . Similarly, acid base catalysed tranesterification was also studied during biodiesel production 69 . Kim and co-workers described biodiesel production through acid/alkali catalysed transesterification process 70 . A high biodiesel conversion (55.07%) based on lipid by weight was observed in NaOH catalysed tranesterification compared to H 2 SO 4 catalysed transesterification where 48.41% biodiesel conversion was observed from algal lipids.
Besides acid and alkali catalysed tranesterification, enzyme catalysis is also used due to substrate specificity, verstality, regioselectivity and high catalytic rate of enzymes 71 . Lipases are most widely used biocatalysts in tranesterification but in many cases it is not possible to hydrolyze the ester bond at secondary position by some lipases, whereas other group of enzymes can hydrolyze both primary and secondary esters. A lipase gene lipB68 was cloned and expressed in Escherichia coli BL21 and further used for enzyme catalysed transesterification in biodiesel production. The strain yielded 92% of biodiesel production after 12 h at substantially low temperature which can reduce the net energy requirement 72 . The process of transesterification can be carried out in two ways:
In situ transesterification
Extractive transesterification
It this process, the oil extraction is carried out after harvesting of algal biomass. The overall process consists of multiple steps such as algae harvesting and drying, oils extraction, transesterification, and biodiesel refining 73 .
In situ transesterification
This method of biodiesel production skips the oil extraction step. Here the alcohol acts as extraction solvent as well as esterification reagent, which by enhancing porosity of cell membrane helps to remove the oil from algal cells. The commercial biodiesel production process involves use of organic solvents for oil extraction, which adversely affects the environment. Thus, eliminating oil extraction step can serve as an impressive solution to reduce the chemical and energy requirement during biodiesel production process 74 .
Different feedstock's reported for microalgae cultivation
Chemical synthesized Fog's medium has been used for microalgae cultivation which is maintained at 28°C 75 but, it is not economical for mass scale cultivation of microalgae for biodiesel production. So algae can be cultured on other waste resources such as Botryococcus braunii cultured in effluent obtained from seafood processing plant 76 , industrial sludge waste more specifically dairy waste water has been investigated and reported for maximum growth of Chlorella pyrenoidosa 75 . Dairy industry is one of the major industries among food and agricultural sector which is a major contributor of water pollution. Its waste water contains toxic elements with milk solids, liquid effluents and slurries including organic and inorganic chemicals. It needs prior treatment before dispose off to the environment or fresh water resources like rivers causing health hazards and destroy natural flora and fauna. This huge amount of waste water generated globally from dairy industries can act as growth medium for microalgae cultivation as it contains the entire nutrients needed for its growth and in return algae can aid in treatment of waste water 77 . Similarly, rice straw has been reported for the cultivation of microalgae Chlorella pyrenoidosa. This residue is left behind after harvesting of grain from rice crop and poses a problem for dispose off due to which majority of farmer's burn this huge amount of rice straw residue in open fields 78 . Burning of it produces GHGs, pollutants and particulate matters. In India alone the total agricultural residue production was 347 million tons, of which wheat and rice straw made more than 200 million tons 79 . Alternatively, these agricultural residues can be treated with cellulose degrading methods to hydrolyze the cellulose into glucose which can be used as a carbon source in the growth medium of alga which is used for achieving maximum yield of microalgae 80 .
Other applications of microalgae
Carbon dioxide emission is the key factor responsible for global warming and climate change which is mainly produced by combustion of fossil fuels of approximate 2 × 10 2 tons/year. The 7% of total world CO 2 emissions are from fuel gases of power plants. Industrial emissions contribute around 15% CO 2 . Since, CO 2 is required during the photosynthesis hence, CO 2 emitted in the industrial flue gases can be utilized by microalgae in biodiesel production. It was reported that algae Monoruphidium minutum can utilized CO 2 from flue gases 81 . It has been reported that various products and byproducts have been synthesized and extracted from microalgae such as glycerin, carotenoids, protein supplements, anti-fouling properties, plasminogen activating factor with clionasterol isolated from Spirulina sp., healthfood, omega-3-fatty acids, nannochloropsis, Vitamin A, anti-oxidant astaxanthin, fucosterol, therapeutics such as anti-diabetics, anti-oxidants, hepatoprotective, anti-hyperlipidemic, anti-fungal, anti-histaminic, anti-cholinergic, anti-adipogenic, anti-photodamaging, anti-osteoporotic and blood cholesterol reducing compounds 82 . Spirulina is consumed as food by which it stimulates immune system, prevents cancer and viral infection. It also increases beneficial intestinal bacteria such as lactic acid bacteria. In addition to this, it contains 55-70% protein content of total dry weight. Extracts from Chlorella sp. can decrease blood sugar level, increase hemoglobin content, ethionine intoxification, hypocholesterolemic and hepatoprotective. It also increases the count of cytokines and splenocytes to stimulate immune responses in mammals 83 . Phenols are the major toxic pollutants of fresh water resources produced by industrial waste and are harmful to aerobic as well as anerobic bacteria. So, they are unsuitable for sewage treatment. Therefore, two microalgae species; Ankistrodesmus braunii and Scenedesmus quadricauda were selected for phenols degradation (Pinto et al., 2002) . Biofouling is the major challenge to marine ecosystem which is caused by microorganisms (microorganisms, fungi, etc). It causes huge loses to anthropogenic structures 84 , and to protect these structures, antifouling agents such as paints containing tributyltin (TBT), copper and organic biocides are used 85 . The international maritime organization (IMO) has banned TBT-coatings due to toxic effects and harm to the environment. Cyanobacteria are able to produce antibiotic substances with antifouling properties 86 . Azo dyes are the major group of dyes used in industries such as textiles, paint, ink and plastic industries. These dyes remain in waste waters after processing and are harmful to aquatic life and mutagenic to humans 87 . These dyes can also be biologically degraded by algae 88 . Olive oil waste is becoming major problem to the environment due to its chemical composition and high organic load which makes it resistant to degradation. It has an acidic pH of in-between 4 and 6, high chemical oxygen demand of up to 200 gL -1 and phytotoxic components that limits the growth of microbe. It also inhibits the vegetative growth and germination of plants. Olive oil industries produce 2.7 million tones of olive oil worldwide annually and its production has increased to about 30% in the past few years 89 . It has been observed that toxic phenolic compound load from olive oil waste is thousand times more than domestic sewage toxic load. Microalgae Chlorella, Ankistrodesmus and Scenedesmus species are capable of degrading and removing this waste load from olive oil and paper industries 90 .
CONCLUSION
With the tremendous increase in demand and consumption of non-renewable fossil fuels in past few decades, there is a challenge to find alternative renewable green energy sources, which can replace fossil fuels. Now a day, different green energy sources are being used as biofuels which have economic, environmental and social negative consequences. Among these, microalgal derived biodiesel seems to be a sustainable solution as microalgae could be used to treat the wastewater and reduce the CO 2 emissions from industries. Due to presence of various advantages in algal biofuels such as non food biomass material, low land requirement for growth, high lipid content giving high productivity and remove competition of 'food vs feed'. Therefore, it has been considered as the most suited option to replace the liquid petroleum fuel. There are a few disadvantages associated with the process such as low biomass production, and high energy inputs required during biomass harvesting thus increasing the overall cost of production. For an economic process development, high biomass production, and efficient harvesting methods are required with low energy input. Moreover, improvement in photobioreactor design, bioprocess engineering and optimization of production process will further reduce the cost of biofuel production. For high biodiesel yield, genetic engineering of algal strains to produce high biomass with high oil productivity will determine the future of algal biology.
